The spatially explicit light model tRAYci was calibrated to conditions in multi-aged Sierra Nevada mixedconifer forests. To reflect conditions that are important to growth and regeneration of this forest type, we sampled a variety of managed mature stands with multiple canopy layers and cohorts. Calibration of the light model included determining leaf area density for individual species with the use of leaf area -sapwood area prediction equations. Prediction equations differed between species and could be improved using site index. The light model predicted point measurements from hemispherical photographs well over a range of 27%-63% light. Simplifying the crown representation in the tRAYci model to average values for species and canopy strata resulted in little reduction in model performance and makes the model more useful to applications with lower sampling intensity. Vertical light profiles in managed mixed-conifer stands could be divided into homogeneous, sigmiodal, and continuous gradients, depending on stand structure and foliage distribution. Concentration of leaf area in the upper canopy concentrates light resources on dominant trees in continuous canopies. Irregular canopies of multiaged stands, however, provide more light resources to mid-size trees and could support growth of shade-intolerant species. Knowledge of the vertical distribution of light intensity in connection with stand structural information can guide regulation of irregular stand structures to meet forest management objectives.
Introduction
The interplay between stand structure and light is fundamental to understanding forest stand dynamics and to managing mixed-species forests. Studies in chronosequences of unmanaged, mixed-species forests (Brown and Parker 1994; Fahey et al. 1998; Parker et al. 2002) have documented temporal patterns in light transmittance with stand development. Oliver and Larsen (1996) argue that an increase in light transmission after the stem exclusion stage facilitates initiation of a new cohort of trees, creating multiaged or uneven-aged stands. Differences in growth and survival of mixed-conifer saplings and their dependence on local light environment have been demonstrated in various forests types of western North America, including the Sierra Nevada, California (McDonald and Abbot 1994; Oliver and Dolph 1992; Wright et al. 1998) . Variance in shade tolerance among species has been suggested as a factor for the predominance of white fir (Abies concolor Gord. & Glend.) and incense-cedar (Calocedrus decurrens (Torr.) Florin) regeneration in Sierra Nevada mixed-conifer forests under single tree selection and has led to the predominant use of even-aged management for the regeneration of all species of this forest type (Lilieholm et al. 1990) . Whereas the light environment at the forest floor level is relevant to tree regeneration, changes in light environment with height create a different resource environment for large trees, and this directly influences productivity and growth. If the intention of forest management interventions is to redistribute resources, then knowledge of effect of stand structure on resource environments is necessary. For example, growth of seedlings and saplings in canopy gaps has been related to gap size (McDonald and Abbot 1994; McDonald et al. 1997) and only recently to resource gradients in gaps (York et al. 2003) . However, such results might not be transferable to other stand structures or larger trees. For the management of mixed-species stands, light environment is an important consideration because differences in shade tolerance among species can result in changes in species composition and differential growth response to stand manipulation. An explicit characterization of the light gradient for typical stand structures would provide managers with crucial information on how to manipulate light resources by changing stand structures.
Models that predict light environments within a forest canopy have trade-offs between the amount of input data required and the spatial resolution and extend of the output (Brunner 1998; Lieffers et al. 1999) . Modeling not only light at the forest floor but the vertical distribution throughout the canopy typically requires a spatial representation of the canopy. Brunner (1998) developed a light model (tRAYci) that uses a ray-tracing algorithm to calculate relative light intensity at a given point in the modeled crown space. Light attenuation in the foliated crown space is estimated according to Bouguer's law, with the extinction coefficient calculated from leaf area density. The model was applied in singlespecies stands with regular canopy structure (Brunner and Nigh 2000; MacFarlane et al. 2003) . The design of the model suggests, however, that it could be used to characterize light environments in mixed-species stands with more complex canopy structures. If calibrated to conditions in Sierra Nevada mixed-conifer stands, such a model would greatly facilitate the silvicultural challenge of creating and maintaining multiaged, mixed-species stands. For example, recent forest management for both timber production and resource conservation in the Sierra Nevada has introduced multiaged stands in many areas where even-aged management was used previously.
Our objectives were to (i) develop leaf area -sapwood area relationships to parameterize the light model tRAYci, (ii) validate light calculations with the tRAYci model using hemispherical photographs, (iii) evaluate model performance with simplified model parameters, and (iv) derive management implications from characterization of the light environment in managed mixed-conifer stands.
Material and methods
This study was conducted in the Mixed-Conifer Forest Type (Eyre 1980) on the western slope of the central Sierra Nevada range of California. This forest type occurs in the lower montane zone between 300 and 1800 m elevation in a Mediterranean climate characterized by dry, hot summers and 85% of precipitation occurs between the months of October and April. Typical for this forest type is the shared dominance of the five conifer species, including white fir, Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco var. menziesii), sugar pine (Pinus lambertiana Dougl.), ponderosa pine (Pinus ponderosa Dougl. ex P. & C. Laws.), incense-cedar, and California black oak (Quercus kelloggii Newb.) (Eyre 1980) . Table 1 shows site and stand characteristics of all sample sites for leaf area sampling, light model calibration, and characterizing light regimes.
Crown shape parameters
Light calculations with the tRAYci model require a threedimensional crown representation and estimation of foliage density. Figure 1 shows how tree crowns are represented in the model. Given the variation in crown shape and foliage distribution, we assessed crown shape parameters and foliage shell thickness in the field. The crown was divided into upper and lower crown at the point of the greatest crown width (W max ). Shape parameters describing the curvature of the upper (S U ) and lower (S L ) crown envelopes were estimated visually. Foliage shell thickness for the upper crown half (T U ) and lower crown half (T L ) were measured as the vertical distance of the foliage envelope of the upper or lower crown half and expressed as a percentage of total crown length. This model resulted in a foliage-free space around the stem that represents foliage recession due to age and self-shading. Leaf area density (LAD) was calculated from total tree leaf area, derived from leaf area prediction equations (described below), and divided by the volume of the foliated crown envelope. The spatial resolution of the tRAYci model was set to a horizontal grid size of 20 cm × 20 cm cells on the forest floor, with leaf area carried above these cells at a range of height set by the crown envelope and shell thickness. Table 2 shows statistics of crown shape parameters for overstory trees in the shelterwood stand B80 by species.
Leaf area prediction
Given the influence of foliage density on light attenuation through tree crowns (Canham et al. 1994 ) and the range of foliage densities observed among conifers, we developed prediction equations for leaf area for each species. Prediction equations are based on the functional relationship between transpiring foliage and water-conducting sapwood (Shinozaki et al. 1964; Waring et al. 1982) . We sampled leaf area of the six dominant tree species in a variety of sites and at different elevations. Trees sampled at the Blodgett Forest Research Station grew at 1300-1400 m elevation on fineloamy, mixed, mesic ultic Haploxeralfs of granitic origin (Holland and Musick Series) . This site receives a yearly average of 1640 mm precipitation. Average daily growing season temperature was 20.9°C, ranging from 13.3 to 25.8°C. Trees sampled on Sierra Pacific Industry forestlands grew on less developed soils of the Hartless and Neuss Series. These soils were loamy-skeletal, mixed, mesic dystric Xerocrepts weathered from metasedimentary rock between 1600 and east of Blodgett Forest and receives an average yearly precipitation of 2200 mm. Estimated average daily growing season temperature was 18.9°C, ranging from 11.3 to 23.7°C. Because site quality can effect tree water relations (Pothier et al. 1989) , it could also have an effect on leaf area -sapwood area relations. To test if inclusion of site index could improve leaf area prediction, we determined site index for sample trees using regional equations (Biging and Wensel 1985) . When the sample tree could not be used to determine site index because of periods of suppression, we measured age and height of dominant or codominant trees of the same species in the vicinity of the sample tree to calculate site index.
Trees were felled and sampled from a variety of canopy positions and sizes (2.5-40 m tree height). The crown length was divided into nine equally long sections, and all intact nodal branches of a section were counted. Total live branch and foliage material of each section was weighed to the nearest 125 g. One randomly chosen sample branch from each section was separated into live foliage and branch material and weighed to the nearest 0.01 g. A subsample of fresh foliage was stored on ice for further analysis. The remaining fresh foliage of each sample branch was dried at 80°C to mass constancy and dry mass was recorded to the nearest 0.01 g. Projected leaf area was measured on a subsample from each branch (WinSeedle image analysis software, Régent Instruments, Inc., Québec, Que.). Scanned samples were dried to mass constancy at 80°C and weighed to the nearest 0.001 g. Tree leaf area was calculated from specific leaf area per unit dry mass, foliage dry mass/fresh mass ratio, foliage fresh mass/total branch mass ratio, total section mass, and summed over all nine crown length sections. Sapwood area was determined on stem disks cut at breast height (1.37 m) and at the base of the live crown by outlining the heartwood-sapwood boundary, scanning the stem disks, and image analysis. The heartwood-sapwood boundary of white fir was made visible by staining increment cores with 5% ferric chloride solution (American Society for Testing and Materials 2000).
We used nonlinear least squares regression to fit models to projected leaf area data for each species. Because of the limited sample size, analysis was restricted to models that contained three or less parameters, using sapwood area either at breast height or at the base of the live crown, and site index (SI 50 ) as independent variables. We used a modified Akaike Note: Trees for leaf area prediction equations were sampled in stands marked LA-Sample. LAI, leaf area index; BA, basal area. Table 1 . Site and stand characteristics of sample sites in Sierra Nevada mixed-conifer forests. information criterion (AIC) to select the most parsimonious model (Anderson et al. 2000) . AIC calculates the likelihood of a model given the data and penalizes against superfluous model parameters. Besides empirical values for parameter means, we used bootstrapping to calculate standard errors and to assess bias in the data set (Crawley 2002) .
Testing the light model
A shelterwood stand was chosen to test the tRAYci light model because it represented a regeneration method that provides variable light conditions in the understory while maintaining canopy cover. The 1.2-ha stand was located on Blodgett Forest Research Station in Georgetown, Calif. (38°53′N, 120°37′W), at 1200 m elevation. The vertical structure of the stand consisted of an overstory of 46 trees per hectare and a clumped, midcanopy story of 30 trees per hectare. Average height of the overstory was 37.7 m (4.0 m SD), with ages ranging from 50 to 105 years. Average height of the midcanopy layer was 14.0 m (7.2m SD), with ages ranging from 20 to 80 years. Total basal area was 21.9 m 2 /ha. The shelterwood cutting had been implemented in 1987, and the stand was underplanted with 750 mixedconifer seedlings per hectare in 1990. Natural regeneration became established during the same year, resulting in understory density of 12 500 trees per hectare (>50 cm height).
Tree location and plot microtopography were mapped in the fall of 2000. We measured tree dimensions on all overstory trees: diameter at breast height (DBH), total height, height to base of the life crown, height to the greatest crown width, eight crown radii, and bark thickness at breast height. We took two increment cores at breast height from each overstory tree to estimate sapwood area. Cores were taken at 45°to the greatest diameter of the stem cross section at breast height to minimize the prediction error for sapwood and avoid increment cores in lignified reaction wood of conifers. Sapwood cross-sectional area was calculated using the arithmetic mean of two cores. Sapwood area of trees in the regeneration and midcanopy layer was estimated from stem diameter inside bark at the base of the live crown after subtracting bark thickness at the base of the live crown. Prediction equations for leaf area that used sapwood area at crown based were applied for all trees where crown base could be reached from the ground; otherwise prediction equations using sapwood area at breast height were used.
Hemispherical photography and model parameters
Light calculations with the tRAYci model were compared with hemispherical photography to test the model performance and the importance of model variables in a mixedspecies forest. Photographs were taken at two heights: 1.3 and 3 m above ground to avoid shading by understory trees. Photographs were taken directly upward using a fish-eye lens (Nikkor 8 mm f/2.8, Nikon USA, Melville, N.Y.) that provides a 180°view of the canopy. Color slides were taken near dawn and dusk and were converted to digital images (900 dpi) using a Nikon CoolScan slide scanner (Nikon USA). By restricting photo acquisition to near isotropic sky conditions, we minimized the need for digital image enhancement. We analyzed the images using the Gap Light Analyzer (GLA) 2.0.4 image processing software (Frazer et al. 1999) to calculate the percentage of total incident radiation (%TT). The %TT measurement provides a robust estimate of long-term average light levels as well as precise information about the geometry of light penetration through canopy openings (Battles 1999; Canham et al. 1990 ). Specifically, %TT estimates of the incident photosynthetically active radiation (PAR) transmitted to a point in the understory during the growing season. Values range from near 0% for a completely closed canopy to 100% for a completely open site. Incident PAR was calculated from standard equations of solar geometry and a site-specific atmospheric transmission coefficient (K T ). We computed the growing season K T from daily solar flux data collected above the canopy at a nearby weather station. Diffuse, direct, and total percent above-canopy light (PACL) for the entire growing season (1 May -31 August) were calculated for all photo locations using GLA and tRAYci. Growing season length was determined as the time from bud break until the time when most Sierran conifers cease biomass production because of limitation of soil water content in late summer. The fraction of direct light of total incident radiation was calculated as 75% according to meteorological data from Blodgett Forest Research Station (http://ecology.cnr.berkeley.edu/blodgett/ index.html). To account for the macrotopography of the site, we tilted the model surface in the tRAYci program by 6% in the SW (225°) direction. The stand was bordered by continuous canopies in the SE and NW directions and openings in the NE and SW directions. This boundary effect was considered in the tRAYci model by stand wrapping in the SE and NW directions only.
To test if model performance would be reduced if simplified crown shape variables were used such as can be derived from forest inventory data instead tree specific variables, model fit and prediction error were calculated for successively simplified crown shapes. In each cumulative step, (i) LAD was used as species averages instead of individual tree values, (ii) foliage shell thickness (T U and T L ) was used as species averages for each stratum, (iii) crown shape parameters (S U , S L , and W max ) were used as species averages for each stratum, (iv) an average crown radius (aveCR) was estimated from DBH using a power model for each species
(v) crown length (CL) was estimated from DBH using exponential models for each species
and (vi) tree height (TH) was estimated from DBH using Chapman-Richards models for each species.
[3]
Average values for crown shape parameters are given in Table 2 . Parameter values for prediction of aveCR, CL, and TH are given in Table 3 .
Characterizing the light regime
To characterize the light regime in managed Sierran mixed-conifer forests, we collected data from 10 additional stands that were selected to represent a range of silviculture regimes, including uniform canopies, group selection, and single-tree selection stands. Site conditions and stand structure within each sample plot are given in Table 1 . Sample plots varied in size to capture the variability of the structure and ranged from 0.225 ha in a uniform stand with closed canopy to 0.67 ha in an irregular structured stand with multiple canopy layers and small canopy gaps. Tree measurements were taken as described above, and light calculations were performed with the tRAYci light model. Vertical light gradients were calculated at 80 randomly chosen points in the stand, not closer than 10 m to the plot edge. Direct, diffuse, and total incident PACL were calculated every 2 m from ground level to the top of the canopy.
Results

Leaf area prediction equations
Of the nine sapwood area models tested, a multiplicative model using sapwood area and site index was chosen for model fit and uncertainty in the model parameters.
[4]
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where A L is the projected leaf area, β is a species-specific slope parameter, A S is the cross-sectional sapwood area at either breast height (SABH) or base of the live crown (SABLC), and nSI 50 is the normalized species-specific site index at age 50. To compare the model parameters with other studies, we normalized site index by dividing through average site index of the sample trees. Average SI 50 was 27.22 m (2.5 m SD) for Douglas-fir, incense-cedar 20.58 m (1.95 m SD), ponderosa pine 29.66 m (3.01 m SD), sugar pine 26.13 m (4.46 m SD), and white fir 27.68 m (3.56 m SD). Sapwood area data for black oak was limited to measurements at the base of the live crown, and site index equations for black oak were not available. Analysis of Note: Parameter values are given as mean and standard error. Root mean squared error (RMSE) is expressed in metres. Intercept parameter β 1 of eq. 1 was set to the average crown radius of trees smaller than 1.37 m. Table 3 . Parameter values and fit statistics of prediction equations for average crown radius (eq. 1), crown length (eq. 2), and total height (eq. 3). covariance showed that there was a significant difference in slope parameter between species for SABH (F = 100.8; df = 6, 35; p < 0.001) and for SABLC (F = 320; df = 5, 33; p < 0.001). Fit statistics of model parameters are given in Table 4. Resampling bias and standard error were calculated using bootstrapping. The small bias in all models shows that the samples did not contain very influential data points and that the sample distribution was not highly skewed (Crawley 2002) . The standard errors of the bootstrapping means were larger than those of empirical means but showed little uncertainty in the model parameters. Inclusion of the nSI 50 term in the predictive model lowered the residual error (RMSE) by 6%-40% when SABH was used and by 27%-47% when SABLC was used in the predictive models. Only for ponderosa pine did inclusion of the nSI 50 term result in an increase of RMSE (41% SABH, 82% SABLC), and nSI 50 was not used in the final model.
Light model evaluation
We calculated light values using the tRAYci program for each hemispherical photograph sample point to examine the correlation between the model output of tRAYci and GLA. Both models calculated diffuse, direct, and total light as fraction of above-canopy light and can be directly compared. Figure 2 shows light intensity obtained from hemispherical photography plotted against calculations from tRAYci for individual point locations. Since it was not clearly evident which of the variables could be considered the independent variable and assuming estimation errors to exist in both variables, we used the ordinary least squares (OLS) bisector to express the relationship between light estimation techniques following Isobe et al. (1990) . This line bisects the regression line pair OLS(Y | X) and OLS(X | Y) and can be used to compare the relationship between %TT and PACL with the 1:1 line. OLS bisector regression parameters were -0.0192 ± 0.0647 (mean and 95% CI) for intercept and 1.0861 ± 0.1473 (mean and 95% CI) for slope, indicating that the relationship between %TT and PACL was not significantly different from the 1:1 line.
Model performance remained robust through several steps of cumulative simplification (Fig. 3 ). Though absolute model fit was better for total light and direct light than for diffuse light, they showed similar changes with model simplification. The average change in R 2 was less than 2.5%, whereas introducing averages for LAD, S U and S L , and T U and T L .
Model fit of diffuse light declined by 7% when average values for LAD were used, whereas model fit for direct light changed less than 1%. When average crown radius, crown length, and tree height were predicted from DBH, model fit declined with each cumulative step between 4% and 14%. RMSE was higher for direct light than for diffuse and total light and showed a reversed trend, increasing with model simplification.
Light environment in mature mixed-conifer stands
To differentiate vertical light gradients through the canopy and in canopy gaps, we divided calculation points in shelterwood stand B80 into canopy gap points (n = 13) and points under the canopy (n = 36) (Fig. 4) . Calculation points within gaps were defined to be more than half of the average tree spacing (6.22 m) away from an overstory tree. This gap definition was chosen over the intertree distance of an independent, randomly distributed point pattern (Diggle 1983) because of the manipulated stand structure. In both cases, diffuse PACL was lower than direct PACL. Light intensity under the canopy did not increase with height up to 15 m. Light transmission increased steadily above 15 m and Table 4 . Model parameters for leaf area predictions (eq. 4) using sapwood area at breast height or at the base of the live crown. showed greater variability throughout the foliated canopy space (15-40 m). Diffuse light transmission declined in the midregion of the canopy and increased with greater height, but the direct light dominated the pattern of total PACL. Grid points in gaps had a continuously increasing light gradient of total and direct PACL; however, diffuse PACL followed the same pattern as under the canopy. Total light intensity at ground level was 9% higher (p = 0.006) in canopy gaps. Light environments in managed mixed-conifer stands closely followed the inverse cumulative distribution of leaf area with canopy height and could be divided into three different types of vertical light gradients: homogeneous understory light, sigmoidal gradient, and continuous gradient. Examples are given in Fig. 5 , together with vertical distribution of leaf area of the particular stand. Because leaf area was concentrated in the upper canopy region in closed canopy stands, there was little change in the light environment below the main canopy (Fig. 5a ). The rapid increase in light intensity in the upper canopy was connected with greater variability. Vertical light profiles in canopy gaps showed a continuously increasing gradient (Fig. 5b) . Light at the forest floor was dependent on gap size, the density of the matrix stand, and size of the trees within the gap. Multiaged stands with irregular canopy structure had sigmoidal patterns of vertical light gradients, with an extended zone of gradual light increase and high variability throughout the canopy (Fig. 5c ). These stands were characterized by concentration of foliage in the lower to midcanopy regions. Figure 5d shows a stand with a bimodal foliage distribution and continuous light gradient. This pattern resembles a two-cohort stand of pole-sized understory under an overstory of shelterwood density.
Discussion
Despite a tendency to overestimate, the light values predicted with the tRAYci model agreed with the values based on hemispherical photographs (Fig. 2) . These results suggest that the model produces consistent estimates of light transmission over the observed range. Brunner (1998) reported no significant bias when light calculations with tRAYci were compared with hemispherical image analyses over a range of <10-90 PACL. Since estimates from hemispherical photographs at low light intensities are associated with greater uncertainty (Machado and Reich 1999) , caution should be used when applying the light model beyond the range tested here. Our model validation did not include light values below 27% total transmission, where light intensity has a greater effect on height growth and survival of understory trees (Wright et al. 1998 ).
In our study, direct beam radiation dominates the light regime in the Sierra Nevada (75% of total radiation). As a consequence, the light regime exhibits pronounced spatial heterogeneity and possibly greater sensitivity of the model to crown representation. In contrast, the fraction of direct radiation in other regions of North America is commonly approximated at 50% of total radiation during the growing season (Beaudet et al. 2002; Brunner 1998; Canham et al. 1999; MacFarlane et al. 2003) .
The leaf area -sapwood area relationships (A L :A S ) we developed appear robust and agree well with relationships found in other studies (see DeLucia et al. 2000) . Inclusion of site index in the predictive model improved model fit in most cases presumably because of the relationship between site quality and tree water relations. The functional model developed by Whitehead et al. (1984) showed that A L :A S was in part dependent on sapwood permeability, transport distance, and evaporative demand. The model states that the ratio of foliage area to sapwood area is proportional to sapwood permeability and to the water potential gradient in the stem and is also inversely proportional to vapor pressure deficit of the air at the site and the mean stomatal conductance. Sapwood permeability has been shown to increase with growth rate (Espinosa Bancalari et al. 1987 ) and tree age (Pothier et al. 1989 ) and was partially explained by differences in site index. Our findings support this theory because site index improved the prediction of leaf area from sapwood area; moreover, the inclusion of site index provides a means to adjust these equations to fit trees on sites throughout the mixed-conifer forest of the Sierra Nevada. The six tree species showed distinct differences in average LAD (Table 2 ) with shade-tolerant species (white fir, incense-cedar) having higher LAD than shade-intolerant species (black oak, ponderosa pine).
Simplifying model parameters
The flexible, three-dimensional crown representation of the tRAYci light model can accommodate a wide range of crown shapes. However, detailed crown measurements as used in our study are typically not feasible. If the model is to be used with forest inventory data, for example, crown shape parameters must be derived from other allometric variables or estimated from population mean values. The stepwise simplification of crown representation showed little decline in model performance (Fig. 3) . R 2 and RMSE showed only small changes over a range of model resolutions and were most sensitive to estimation of crown radii, crown length, Fig. 3 . Changes in two parameters of model fit, coefficient of correlation (R 2 , solid lines) and root mean squared error (RMSE, dashed lines), for modeled versus observed values of direct, diffuse, and total percent above-canopy light (PACL) with decreasing resolution of crown parameters: tree-specific crown parameters (Tree) as measured in the field; leaf area density (LAD), foliage shell thickness (T U T L ), and crown shape parameters (S U S L ), as average values for species and canopy stratum; average crown radius (CR), crown length (CL), and tree height (TH) were predicted from diameter at breast height (DBH).
and tree height. The model fit for diffuse light was more sensitive to changes in LAD and crown radius than the model fit for direct light, indicating greater influence of these variables on light from lower hemispherical angles.
Detailed crown representation might be more important for estimating light in the foliated canopy zone because of greater variability. Canham et al. (1999) argued that a simplified crown representation would suffice for prediction of understory light but could be problematic for vertical light profiles. Since we did not measure light within the foliated canopy space to compare with model predictions, we are not able to test this assumption. However, Brunner (1998) found light estimations with the tRAYci model to have a greater mean deviation from hemispherical photographs when taken in the upper canopy because of simplified crown representation. This finding suggests that further simplification of crown shape parameters would have a stronger influence on light prediction in the canopy than observed in our study. Overall, it seems feasible to estimate parameters of crown shape, thickness of foliage envelope, and LAD and make light predictions with the tRAYci model, resulting in little reduction in predictive power.
Light environment and implications for management
The observation of light environments under forest canopies is important for the understanding of stand dynamics and the management of multiaged stands. Forest interventions that change stand structure and the distribution of foliage simultaneously affect the light environment in the canopy. If the goal of an intervention is to redistribute resources to individual stand components, then knowledge of the effect on the light environment is important. Our application of the light model tRAYci to Sierra Nevada mixedconifer stands clearly shows the relationship between stand structure and light environment. The low light levels we observed under closed canopies with high stand density (Fig. 5a ) agree with findings by Battles (1999) . Battles reported between 6% and 18% of incident radiation reaching the forest floor in a closed, Sierra Nevada mixed-conifer stand of 84 m 2 /ha basal area, representing a stand near maximum LAI for this forest type. Oliver and Dolph (1992) reported 34% of full sunlight under a continuous canopy of 25-year-old Sierra Nevada mixed-conifers with 23 m 2 basal area. This stand, though younger in age and with lower density, was comparable in understory light to stands with continuous overstory in our study (B80 and M3).
We have presented patterns of vertical light gradients associated with vertical foliage distribution of mixed-conifer stands. Connecting these patterns with stand structures should help managers create stands that distribute resources and meet management objectives. In the case of Sierra Nevada mixed-conifer forests, those objectives could be to regenerate all dominant species while maintaining some degree of canopy cover or to manage mixed-species stand with multiple cohorts. In the following section, we discuss our observations with regard to these objectives.
The vertical light gradients calculated in small canopy gaps and under the canopy of the shelterwood stand (Fig. 4) explain some of the variation in light environment found among mature mixed-conifer stands. Light in canopy gaps represents the light conditions in small group openings (Fig. 5b) . It is dominated by direct light, steadily increasing with height, whereas diffuse light shows little change below the foliated canopy zone. Law et al. (2001) found a light gradient "out of crowns" in a ponderosa pine forest in central Oregon that was similar to the gap light gradient in our study. The light gradient through the crowns of ponderosa pines showed a similar steadily increasing transmittance unlike the gradients observed here. The more gradual increase in the ponderosa pine stand might be explained by the lower LAI (1.6, Law et al. 2001 ) as compared with mixed-conifer canopies in our study.
The light profile in Fig. 4 under canopy represents a typical light environment in closed canopy stands (e.g., Fig. 5a ). Whereas direct light is evenly absorbed by the canopy and shows little variation, diffuse light is higher at the forest floor because of light from lower hemispherical angles and decreases in the foliated canopy space. Vertical light gradients that show little increase of light under the canopy were reported in northern hardwood forests (Beaudet et al. 2002; Canham et al. 1994) , in a mixed stand of Norway spruce and European beech (Meschederu 1997) , and in a chronosequence of Douglas-fir -western hemlock stands (Parker et al. 2002 ). These findings demonstrate the generality of the homogeneous light regime under closed canopies. Light is predominantly absorbed in the upper canopy, in which case resources are concentrated on the dominant trees in the stand.
The relatively high solar angles observed in the Sierra Nevada can increase light below small canopy gaps despite great canopy heights. Figure 6 shows a vertical light map of the shelterwood stand B80 that demonstrates the influence of gap size and solar angle on the spatial distribution of light under the canopy. The northward expansion of the gap light is comparable with findings by Canham et al. (1990) for similar latitudes. Gap sizes between 0.07 and 0.13 ha (stands M1, B80, and CA1) increased light at the forest floor to above 40% above canopy light despite canopy height of 45-50 m. York et al. (2003) reported mean light intensity of 54% in 0.1-ha canopy gaps in Sierran mixed-conifer forests and a similar northward extension of the gap light zone. The increased light intensity in canopy gaps has been demonstrated in numerous studies and has been related to survival, morphology, and growth of understory trees (Chen et al. 1996; Duchesneau et al. 2001; McDonald and Abbot 1994; Oliver and Dolph 1992; Sprugel et al. 1996 ). Our results demonstrate that creation of small canopy gaps can increase light environments at the forest floor suitable for the growth of shade-intolerant species such as ponderosa pine. Furthermore, light environment in and around small canopy gaps is not only affected by gap size but also by density and composition of the surrounding stand. Thinning in the matrix stand around canopy gaps can increase light in small canopy gaps and improve growth of shade-intolerant species.
While light at the forest floor is important for growth and survival of regenerating trees, the vertical distribution of light throughout the foliated canopy can determine productivity of canopy trees. The observation of light gradients is important for management of mixed-species forests. Messier et al. (1999) argued that for trees larger than sapling size, a steadily increasing light intensity with height becomes even more important because of increased maintenance respiration requirements with increasing biomass. Roberts et al. (1993) argued that increasing growth efficiency with leaf area in vertically structured stands could be attributed to improved light environment with tree height. It seems plausible that the vertical position of the steep increase of light intensity plays an important role in the growth and vigor of understory trees. The light gradient in canopy gaps provides continual increase of light intensity with canopy height, beginning near the forest floor. This light gradient will support an increasing tree leaf area with PAR necessary for increasing demand of photosynthates.
The vertical light profiles of irregular canopies (Fig. 5c ) were characterized by sigmoidal gradients. Here, the bottom-heavy distribution of leaf area in the canopy created a wide zone of continuously increasing light throughout the canopy. The light environment in midcanopy regions is of particular importance to the management of multicohort stands, where recruitment to the overstory from pole size trees is a concern. High overstory density can lead to resource deficiency in the lower canopy (Fig. 5a ) and create unstable trees. Irregular canopies of multiaged stands, however, provide more light resources to midsize trees and could support growth of shade-intolerant species. The two-cohort stand in Fig. 5d gives an example of higher concentration of leaf area in the upper canopy and lowered light resources in midcanopy regions. In this situation, shade-tolerant trees are more likely to grow into the overstory. Therefore, knowledge of the vertical distribution of light intensity in connection with stand structural information can guide regulation of irregular stand structures to meet forest management objectives.
